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Symbol 

NOMENCLATURE 

Definition 

C 

P 

r 

R 

t 

Constant in the equation for surface tension 

P r e s s u r e 

Crit ical-bubble radius 

Radius of surface opening 

Tempera ture 

Greek Let ters 

Defined by Equation (12) 

Surface tension 

Defined on page 9 

a 

e 

Subscripts 

c Refers to cr i t ical point 

g Refers to gaseous phase 

i Refers to liquid phase 

V Refers to vapor phase 

w Refers to wall condition 

i s Refers to the saturation temperature c o r r e s 
ponding to the p re s su re in the liquid 

i Refers to surface cavity opening defined in 
Figure 10 

0 Refers to surface cavity opening defined in 
Figure 10 

f Refers to a fixed tempera ture defined in the 
appendix 

ii Refers to the liquid p re s su re corresponding 
to a fixed tempera ture 

fv Refers to the saturated vapor p re s su re c o r r e s 
ponding to a fixed tempera ture 

Units 

lby(in.)(°F) 

Ibf/in. 

in. 

in. 

"F 

dimensionless 

Ibf/in. 

dimensionless 





A STUDY OF THE INITIATION OF NUCLEATE 
BOILING IN THE LIQUID METALS 

by 

Robert E. Holtz 

ABSTRACT 

An analysis has been conducted to predict the liquid 
superheats that will be required to initiate nucleate boiling 
in the alkali meta l s . The classical two-phase mechanical 
and thermal equilibrium equation is solved by applying a 
modeling of the behavior of the p re s su re in the liquid for 
water and the alkali meta ls . Curves are presented showing 
the liquid superheats required for nucleate boiling in sodium 
and potassium. 

I. INTRODUCTION 

Considerable information has been published on nucleate boiling. 
Much of this information has been for specific use in boiling-water sys
t ems . Recent in teres t has been focused toward the nucleate boiling char
ac te r i s t ics of the liquid meta ls , especially the alkali metals and mercury . 
Some boiling-liquid-metal information is available; however, this informa
tion is insufficient for predicting liquid superheats required to initiate nuc
leate boiling in the various liquid meta ls . 

Since a general prediction of liquid superheats required to initiate 
nucleate boiling is not available, the liquid superheat requirements for 
bubble initiation in l iquid-metal systems may be analyzed by modeling 
empir ical information gained from boiling-water studies and the liquid-
metal behavior. This paper presents a modeling technique which enables 
the prediction of the liquid superheats required to initiate nucleate boiling 
in the liquid meta l s . 

II. BACKGROUND INFORMATION 

When the liquid tempera ture is above the saturation tempera ture cor
responding to the p r e s su re in the liquid, the liquid is superheated. The de
gree of superheat , At, is the difference between the superheated-liquid 
t empera ture and the saturation tempera ture corresponding to the p r e s s u r e 
in the liquid. In the boiling of water , minute surface imperfections serve as 





nucleation sites.^ ^'^'•' ' It is generally accepted that a gaseous phase present 
in these minute cavities aids the nucleation of bubbles. A surface cavity that 
is a good gas t rap has a good chance of becoming a nucleation site.^ ' The 
cavities that serve as nucleation sites must be microscopic in size.^-'' 

The ability of a surface cavity to entrap gases determines the effect 
of surface condition upon the degree of liquid superheat.^ ' Hence, surface 
condition may play a less significant role in the boiling of liquids where little 
or no gas phase is present . Liquid superheats required to initiate nucleate 
boiling in degassed water are considerably higher than those required for 
boiling water when more of a gas phase is present . (" ' 

Due to the precautions taken when working with boil ing-alkali-metal 
systems and the inherent propert ies of these metals in the liquid state, the 
amount of gaseous phase present in alkali-metal heat- t ransfer systems will 
be quite small . Hence, it appears that high liquid superheats may be r e 
quired to initiate nucleate boiling in the alkali meta ls , because the effect of 
surface cavities entrapping gas to form nucleation sites will be greatly 
reduced. 

To investigate the liquid superheat requirements for initiation of 
nucleate boiling, consider a stable vapor bubble in thermal and mechanical 
equilibrium with the surrounding liquid. For thermal equilibrium to exist, 
the superheated liquid tempera ture must equal the vapor tempera ture inside 
the bubble. If the vapor contains saturated vapor or some quality, the t em
perature existing in the bubble represents the saturation tempera ture cor
responding to the p re s su re inside the bubble. The vapor p re s su re within 
the bubble of the cr i t ical radius is higher than the p ressu re within the liquid 
by an amount expressed as follows: 

Pv - P i = 2 a / r . (1) 

Equation (l) assumes that noncondensibles are not present in the bubble. 

Figure 1 shows the curve of saturated vapor p ressu re for water and 
the curve of liquid tempera ture versus p re s su re for boiling water . The 
saturated-vapor curve for water is a straight line on logarithmic paper for 
p r e s s u r e s greater than 7 psia, and may be written as 

Pv = a t^ , (2) 
V V 

where a = 5.88 x 10"'° and b = 4.47. The actual saturated vapor behavior 
was plotted from values presented by Keenan and Keyes.^ ' Curve "a" shows 
the superheated liquid tempera ture versus p re s su re in the liquid taken from 
U C L A ( 6 ) data between 14.7 and 2500 psia. The air content contained in the 





w a t e r d u r i n g t h e s e e x p e r i m e n t s w a s a p p r o x i m a t e l y 0.65 p p m . T h i s c u r v e 
i s a l s o a s t r a i g h t l ine tha t goes t h r o u g h the c r i t i c a l point and m a y be e x 
p r e s s e d in the f o r m , 

et'; (3) 

w h e r e e and h a r e c o n s t a n t s . A s e r i e s of r u n s wi th d e g a s s e d w a t e r at 
one a t n a o s p h e r e r e s u l t e d in an a v e r a g e s u p e r h e a t r e q u i r e m e n t of 145°F ^ 
for i n i t i a t i on of n u c l e a t e boil ing.1°) C u r v e " b " shows a s t r a i g h t l ine d r a w n 
b e t w e e n t h i s da t a point and the c r i t i c a l poin t . Th i s l ine a l s o m a y be e x 
p r e s s e d in t he f o r m shown in Equa t ion (3). The g a s con ta ined wi thin the 
d e g a s s e d w a t e r w a s s l igh t ly l e s s than 0.01 p p m . 

SATURATED VAPOR 

-ACTUAL BEHAVIOR 

- P , . 5 . 6 8 X 1 0 - ' ° t " - " 

(ASSUMED BEHAVIOR) 

.1 1.0 10 100 1000 10,000 

PRESSURE, psia 

Fig. 1. Curve of Saturated Vapor Pressure for Water and Curve of 
Liquid Temperature versus Pressure for Boiling Water 

S u r f a c e t e n s i o n m a y be e x p r e s s e d in the g e n e r a l f o r m , 

a = C ( t e - t ^ ) " . 

F o r t he l iquid m e t a l s , the e x p r e s s i o n for the s u r f a c e t e n s i o n m a y be s i m p l i 
fied to(^) 

0= C ( t ^ - t ^ ) . (4) 

F o r w a t e r , the e x p r e s s i o n for s u r f a c e t e n s i o n m a y be wr i t t en (9 ) a s 

0= 0.707 X 1 0 ' ' ( 7 0 5 . 4 - t ^ ) . (5) 

A s a t i s f a c t o r y a n a l y t i c a l m o d e l is not ava i l ab l e for p r e d i c t i o n of 
l iquid s u p e r h e a t s r e q u i r e d to i n i t i a t e n u c l e a t e boi l ing in the a lka l i m e t a l s . 
It i s a l s o un l ike ly that e m p i r i c a l c o r r e l a t i o n s b a s e d e n t i r e l y upon b o i l i n g -
w a t e r da t a a r e su i t ab l e for l i q u i d - m e t a l a p p l i c a t i o n s . At t h i s point , it 
a p p e a r s r e a s o n a b l e to ob ta in a s n e a r an a n a l y t i c a l e x p r e s s i o n a s p o s s i b l e 
and then s u p p l e m e n t e m p i r i c a l i n f o r m a t i o n so tha t a s u p e r h e a t p r e d i c t i o n 
m a y be ob ta ined for the l iquid m e t a l s . In th i s l ight , the following m o d e l i s 





III. THE NUCLEATE BOILING MODEL 

When a bubble of the crit ical-bubble radius forms, the superheated 
liquid is pushed away from the heated surface but remains in contact with 
the vapor. Depending upon the surface tension and wetting charac ter i s t ics 
of the fluid, the vapor will assume more or less a spherical shape. Since 
the cri t ical-bubble radius is small compared to the thickness of the super
heated layer , the cr i t ical bubble is surrounded by a nearly constant-
tempera ture superheated liquid. 

Once the cr i t ical bubble has been formed, the liquid superheat r e 
quired for bubble initiation has been established. As the bubble grows, less 
superheat is required to sustain the bubble. For this reason, it is necessary 
only to examine the superheats required to sustain the smallest bubbles, that 
i s , bubbles of the crit ical-bubble radius. 

Consider a spherical vapor bubble of the critical-bubble radius in 
the superheated liquid at a heated surface. Assume the following: 

1) Mechanical equilibrium exists; hence, 

Pv - Pi = 2aA-

2) Thermal equilibrium exists; hence, 

tv = t i = t. 

3) The wall tempera ture is nearly equal to the vapor tempera ture ; 
thus, 

t ^ = t^ = t/, = t. (6) 

4) The nucleation site on the wall has no effect upon the size of a 
stable vapor bubble of the crit ical-bubble radius in clean, de
gassed sys tems, such as in the alkali meta ls . 

5) The surface tension may be expressed in the form of Equation (4) 

Beyond this point in the analysis , t will be used to denote the tem
perature defined by assumptions (2) and (3) above. 

Since the bubble of the crit ical-bubble radius is in thermal and me
chanical equilibrium. Equation (l) may be applied. Differentiation of Equa
tion (1) yields 

dPy - dP^ = (2/r) da - ( 2 a / r ' ) dr, (7) 





and differentiation of Equation (4) yields 

da = -Cdt. 

Substitution of Equations (4) and (8) into Equation (7) yields 

dr 
dt 2 C ( t c - t ) 

dPv ^ dP^ 2C 
dt dt " r 

where 

2 C ( t ^ - t ) / ( P ^ - P » ) . 

(8) 

(9) 

(10) 

Equation (9) represents the relationship between r, t, P^ , and P^ . 
The relationship between Py and t may be expressed by an equation r e p r e 
senting the saturated-vapor curve for the fluid of interest [such as Equa
tion (2) for water ] . At this point in the analysis , there a re two unknown 
functions, d r /d t and dP«/dt , or r = f(t) and P« = g(t). If either of these 
functions can be reasonably postulated or measured experimentally, Equa
tion (9) may be solved. 

To postulate P^ = g(t) for the liquid meta ls , it is necessary to ex
amine how the p r e s su re in the superheated liquid varies with tempera ture 
for nucleate boiling of w^ater. The expression for the behavior of the p r e s 
sure in the liquid (found in the appendix) is 

Pp = P , (11) 

where 

(12) 

where Q is the base of the logarithm, and 9 = t f / tc . If the sa turated-vapor-
p res su re curve, the cr i t ical point, and one point on the curve of superheated 
liquid tempera ture versus p r e s su re are known, P may be evaluated and P^ 
may be expressed by Equation ( l l ) . 

A similari ty modeling of the liquid-metal and water behavior is now 
presented. Assume that the variation of superheated liquid tempera ture with 
p r e s s u r e in the liquid metals may be expressed by Equation ( l l ) , and that (3 
is a function only of the amount of gaseous phase contained within the liquid. 
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Using the similari ty model enables /3 to be calculated from data of 
boiling water with a known gas content, and enables j3 to be used in Equa
tion ( l l ) for liquid metals with the same amount of gaseous phase contained 
in the liquid. Hence, the superheats required for initiation of nucleate boil
ing in the alkali metals may be expressed by combining Equations (9) and 
(10) to obtain 

dr 
dt ( P v - P i ) ' L 

d P y ^ d P ^ 

dt dt 

P 
V 

tc 

- P i 
- t (13) 

where P ^ is expressed by an empirical correlation of the saturated-vapor-
p res su re curve for the fluid of interest , and P ^ is expressed by Equation (11), 
with 3 evaluated from Equation (12) by using boiling-water data. 

At the cr i t ical point (P^., t^), there is no separation into two phases; 
that i s , there is no t ransi t ion from one phase to another. The crit ical-bubble 
radius at the cr i t ical point must equal zero because boiling, as defined by a 
transi t ion from the liquid to vapor phase, does not take place. Thus, the 
boundary condition for Equation (13) may be expressed at t = t̂ -, r = 0. 

The degree of liquid superheat may also be solved directly by using 
Equations (2) and (11) to obtain a value of P^ for a given value of t. Applying 
either the expression for the saturation curve or graphical techniques en
ables the saturation tempera ture corresponding to P^ to be found; hence, 
(t - t^g) may be found. The function r = f(t) may also be found directly by 
using Equations (l) , (2), and ( l l ) . 

In this analysis , the former method was applied with the aid of an 
analog computer. 

IV. APPLICATION OF THE NUCLEATE BOILING MODEL 

Before the nucleate boiling model is applied to sodium and potassium, 
the nucleate boiling model is used to predict critical-bubble radii and liquid 
superheats required for boiling degassed water with jS = 3.38. This value of 
P, corresponding to curve "b" in Figure 2, makes possible the calculation of 
the p r e s s u r e existing within the superheated liquid with a gas content of ap
proximately 0.01 ppm. The cri t ical-bubble radius, plotted against the satur
ated t empera ture corresponding to the p ressu re in the liquid, is shown in 
Figure 2. Note that the cri t ical-bubble radius decreases as t^g increases . 
At one atmosphere p r e s su re (t»g = 212°F), the critical-bubble radius is 
3.74 X IQ-^ in. 
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Fig. 2 
Critical-bubble Radius 
versus t^g for Initiation 
of Nucleate Boiling in 
Water 

Cis). •' 

Figure 3 shows the degree of liquid superheat required to initiate 
nucleate boiling in degassed water ( j3 = 3.38). The degree of liquid super
heat has a maximum value of 147°F at t^g = 185°F. Beyond this point, the 
degree of liquid superheat decreases as tig increases . The liquid super
heats shown in curve "b" in Figure 1 necessari ly correspond with those 
predicted by the nucleate boiling model. 

Fig. 3 

Degree of Liquid Superheat 
versus t^g for Initiation of 
Nucleate Boiling Water 

Figure 3 also shows the degree of liquid superheat required to in
itiate nucleate boiling in water with a gas content of approximately 0.65 ppm 
(/3 = 0.57). This curve corresponds to the liquid superheats shown in 
curve "a" of Figure 1. 

Before the nucleate boiling model can be used for predicting the 
liquid superheats required to initiate nucleate boiling in sodium and potas
sium, sufficient thermophysical property information must be available. 

The surface tension of sodium may be expressed^ 1 ' as 

a = 202 - O.lOt, (14) 

where O is in dyn/cm and t is in °C. Equation (14) may also be writ ten. 
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a = 3.175 X lO''' (3670 - t) (15) 

where a is in Ibf/in. and t is in °F. 

The surface tension of potassium may be wri t ten^l l ' as 

a = 115.51 - 0.0683t, (l6) 

with a in dyn/cm and t in °C. Equation (16) may also be written as 

a = 2.07 X 10-'' (3216 - t), (17) 

with a in Ibf/in. and t in °F. 

The variation of saturated sodium vapor pressure with temperature 
(from Ref. 10) is plotted in Figure 4. For saturated vapor pressures be
yond 5 psia, the relationship between saturated vapor pressure and temper
ature may be expressed as 

0.0925 X 10'^' t''-". (18) 

It is seen that at p res su res below 5 psia, the actual behavior of saturated 
sodium vapor deviates from that predicted by Equation (18). 

5 1000 —-:::=• 

100 
0.1 

TTTTI 

/ 
/ . 

i ' ' " " " 1 ' ' " " " 1 ' ' ' 1 ' 

^ACTUAL BEHAVIOR ^ • " 

\ -21 ^7.23 
^ P • 0.0925 >c 10 t 

(ASSUMED BEHAVIOR) 

I 'I I I I 1 1 i 1 1 H i l l 1 -

-

t 1 1 M i l 

10 100 1000 

PRESSURE, psia 

Fig. 4. Curve of Saturated Vapor 
P r e s s u r e for Sodium 

The variation of saturated potassium vapor pressure with temper
ature from Ref. 12 is plotted in Figure 5. Beyond 10 psia, the saturated 
vapor p ressu re of potassium may be expressed as 

0.0833 X 10' '* t''-^^. (19) 

At p r e s su re s below 10 psia, the actual behavior of potassium vapor deviates 
from that predicted by Equation (19). 
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0 0 0 r____y 

, , , 

"" ' ' 
^ACTUAL BEHAVIOR ^ • 

^ p . 0 . 0833 X I D " " t ' - " 

(ASSUMED BEHAVIOR) 

1 1 1 1 • 

: 
: 

-

• 

PRESSURE, psio 

Fig. 5. Curve of Saturated Vapor P re s su re 
for Potassium 

The cri t ical p res su res and temperatures used in this analysis are 
as follows: 

l) For sodium,(10) 

tc = 3631°F, 

and 

and 

Pc = 5042 psia. 

2) For potassium,(12) 

tc = 3095°F, 

Pc = 2500 psia. 

The nucleate boiling model is now used to predict the cr i t ical-
bubble radii and liquid superheats required to initiate nucleate boiling in 
sodium. The thermophysical property information previously shown and 
a value of 3.38 for p are used. Figure 6 shows that the critical-bubble 
radius decreases at t^g increases . The critical-bubble radius has a value 
of 12.25 X 10 ' in. at one atmosphere (t^g = 16.8°F). 

-
-
-
-
-
" 
_ 
-
" 0 

' 
3.38-

II ' 

\ \rf 

1 ^ — 

1 ' 

3.38 

^^^1==-,— 

1 ' 

-
• 

-
-
— 
_ 
-
-

. 
2000 3000 

Fig. 6 

Critical-bubble Radius versus 
t^g for Initiation of Nucleate 
B.oiling of Sodium 
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F i g u r e 7 shows the amoun t of l iquid s u p e r h e a t r e q u i r e d to in i t i a t e 
n u c l e a t e bo i l ing in s o d i u m for /3 v a l u e s of 3.38 and un i ty . Us ing /3 equa l 
to 3 .38 , the d e g r e e of l iquid s u p e r h e a t h a s a m a x i m u m va lue of 510°F at 
t i s of 1100°F; and at one a t m o s p h e r e , a l iquid s u p e r h e a t of 474°F is r e 
q u i r e d to i n i t i a t e n u c l e a t e bo i l ing . F o r ^ of un i ty , the p r e d i c t e d l iquid 
s u p e r h e a t s a r e c o n s i d e r a b l y l o w e r ; the m a x i m u m l iquid s u p e r h e a t of 173°F 
o c c u r s a t a t^g of 1250°F. 

F i g . 7. D e g r e e of Liquid S u p e r h e a t 
v e r s u s t^g for In i t i a t ion of 
N u c l e a t e Boi l ing of Sodium 

Us ing the n u c l e a t e boi l ing m o d e l , fi equa l to 3.38, and Equa t ions (17) 
and (19), the c r i t i c a l - b u b b l e r a d i i and l iquid s u p e r h e a t s r e q u i r e d to in i t i a t e 
n u c l e a t e boi l ing in p o t a s s i u m a r e found. F i g u r e 8 shows tha t the c r i t i c a l -
bubble r a d i u s d e c r e a s e s a s t i s i n c r e a s e s . The c r i t i c a l - b u b b l e r a d i u s h a s 
a va lue of 7.40 x 1 0 " ' in. a t one a t m o s p h e r e (t^g = 1400°F). 
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Figure 9 shows the degree of liquid superheat required to initiate 
nucleate boiling in potassium for /3 values of 3.38 and unity. For /3 equal 
to 3.38, the degree of liquid superheat has a maximum value of 474°F at a 
t^s of 900°F, and at one atmosphere, a liquid superheat of 435°F is required 
to initiate nucleate boiling. For a ^ value of unity, the predicted liquid 
superheats are considerably lower; the maximum liquid superheat of 165°F 
occurs at a t «o of 1000°F. 

Fig. 9. Degree of Liquid Superheat 
versus t^g for Initiation of 
Nucleate Boiling of Potassium 

THE EFFECT OF SURFACE CONDITION 

It is generally accepted that the surface condition has a definite ef
fect upon bubble nucleation in boiling water. Also, it has been shown that 
the presence of a gaseous phase within the liquid aids the nucleation of 
bubbles. It is now attempted to show what effect the surface condition has 
upon initiation of boiling in the absence of a gaseous phase within the surface 
cavities. 

Griffith and Snyder(-'' have proposed a mechanism of void formation 
in initially subcooled water . This analysis has shown that a surface cavity 
can only serve as a nucleation site if it has not, at any time, been filled with 
liquid. The surface cavity shown in Figure 10 is s imilar to the cavity con
sidered by Griffith and Snyder. ' ' It was shown that for an angle of contact 
less than 7r/2, a stable interface position exists within the cavity for a neg
ative curvature and | rj |< | r | . If a positive curvature exists a n d | r | < | r o | , 
the bubble will nucleate. If a negative radius of curvature exists and 
I r I < | r i | , the re-entrant portion of the cavity will fill with liquid and 
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deactivate the cavity. Hence, a cavity may serve as a nucleation site only 
when I ro I > |r |, and for when the curvature is negative, | rj | < |r |. The values 
of r used in the analysis are calculated from the equation 

Pv + Pg - P̂  = 2a/r. (20) 

When the gaseous phase contained within the surface cavity is an insignifi
cant amount (P = 0), Equation (20) becomes identical to Equation (l). 

t^ 
VAPOR 

r,(-CURVATURE) 

-r„{.CURVATURE) To demonstrate further the effect of sur
face condition upon the liquid superheats required 
to initiate nucleate boiling of the liquid metals, 
consider a system that has been evacuated prior 
to fill with a degassed liquid metal. Surface cavi
ties may or may not fill with liquid depending upon 
the conditions previously shown. As the liquid 
metal is supplied with heat, the temperature in
creases until a temperature equal to that predicted 
by the nucleate boiling model is obtained. If there 
exists at this temperature a surface cavity, in 

contact with the superheated liquid, that is compatible with the critical-
bubble radius predicted by the nucleate model, nucleation will occur. If 
nucleation does not occur at the temperature predicted by the nucleate boil
ing model, the degree of liquid superheat Â'ill increase until a surface cavity 
exists that is compatible v/ith the excessive liquid superheat; at this point, 
a bubble "will form. Hence, the use of the critical-bubble radius serves as 
a tool for predicting the minimum liquid superheats required to initiate 
bubble nucleation. 

Fig. 10 

Typical Surface Cavity 

The surface cavities that serve as nucleation sites are microscopic 
in size;(^' thus, a large variety of cavity sizes is likely to exist on a surface. 
Hence, the amount of excessive liquid superheat beyond that predicted by the 
nucleate boiling should be relatively small. 

VI. DISCUSSION OF RESULTS 

The results of the nucleate boiling model indicate that high liquid 
superheats may be required to initiate nucleate boiling in both sodium and 
potassium. These high liquid superheats are in fair agreement with the 
analytical results of Krakoviak(l^' and the experimental evidence obtained 
by the University of Michigan. ;i4) 

It has been shown that the amount of gaseous phase contained within 
the liquid has a significant effect upon the degree of liquid superheat required 
to initiate nucleate boiling. The inherent properties of most of the alkali 
metals are such that a gaseous phase, other than noble gases, will form 
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compounds etc. with the alkali meta l s . For example, sodium is inert to 
only the noble gases helium, argon, neon, krypton, and xenon.(1^' The sol
ubility of argon gas in sodium is of the order of 0.01 ppm.( '^ ' 

Consider the situation in which sodium containing an insignificant 
amount of a gaseous phase is put into a clean, evacuated system and p r e s 
surized with an argon gas blanket. The sodium should contain approximately 
0.01 ppm of an argon gaseous phase only. The j3 value of 3.38 used in the 
nucleate boiling model was based upon a 0.01-ppm gas content; hence, the 
liquid superheats predicted by the model should be useful in the design of 
boiling-sodium heat - t ransfer sys tems. 

No information was found as to the solubility of argon gas in liquid 
potassium; hence, it may be assumed that potassium will contain approxi
mately the same amount of gaseous phase as does sodium. Figure 9 shows 
the 400°F liquid superheat obtained by the University of Michigan(l4) in 
which nucleate boiling of potassium did not occur. It is seen that this liquid 
superheat is less than that predicted by the nucleate boiling model for 
initiation of nucleate boiling in liquid potassium. 

By comparison with water, Krakoviak(l- ' ' has calculated the liquid 
superheat required to initiate a vapor bubble from a surface immersed in 
a liquid metal . Comparing potassium and sodium with water where a 30°F 
liquid superheat is required to initiate nucleate boiling at one-atmosphere 
p r e s s u r e , it was calculated that 125 and 258°F liquid superheats are required 
to initiate nucleate boiling in potassium and sodium, respectively. Compar
ing l iquid-metal systems with distilled, degassed water at one atmosphere, 
boiling from a clean surface, it was calculated that liquid superheats of 375 
and 774°F a re required to initiate nucleate boiling in potassium and sodium, 
respectively. The resul ts of Krakoviak(13) for initiation of nucleate boiling 
of sodium in a clean system at one atmosphere are considerably higher than 
the degree of liquid superheat predicted by the modeling technique presented 
in this repor t . However, the result of Krakoviak for initiation of nucleate 
boiling of potassium in a clean system at one atmosphere is only slightly 
below the resul t s predicted by the modeling technique. 

The j3 value of 3.38 is used because it appears to be the best avail
able information that may be applied to boiling-liquid-sodium systems that 
are p ressur ized by means of an argon gas blanket. In actual boiling-alkali-
metal sys tems , ji values may differ from the values used in this analysis. 
For example, in systems where an inert cover gas other than argon is 
utilized, the solubility of that gas in the liquid alkali metal may be quite 
different from the solubility of argon gas in liquid sodium. Hence, liquid 
superheats required to initiate nucleate boiling in a l iquid-metal system 
may be considerably different from those predicted by using a ^ value of 
3.38. 
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The analysis is based upon the five assumptions previously shown 
(pages 10 and 11). When assumptions (l) and (2) are used, the liquid super
heat required to sustain a spherical volume of vapor in thermal and mechan
ical equilibrium is obtained. These assumptions may be a somewhat idealized 
case of the actual boiling phenomenon. 

The superheated layer thickness for boiling water is of the order of 
10 in.,(17) while the bubble radii for water discussed in this report are 
approximately two orders of magnitude smal ler . Thus, the wall tempera ture , 
vapor t empera tu re , and liquid temperature at the wall appear to be nearly 
the same, and assumption (3) appears justified. Due to the high thermal 
conductivity of the alkali meta ls , the thermal boundary layer for the alkali 
metals should be considerably higher than that in boiling water. 

According to assumption (4), the nucleation site on the wall has no 
effect upon the size of a stable vapor bubble of the critical-bubble radius. 
It has been shown that the surface condition has a significant effect upon the 
degree of liquid superheat in the boiling of water because surface cavities 
entrap gases , thus lowering the liquid superheat required for boiling. In the 
boiling of degassed water and the alkali meta ls , little or no gas phase will 
be present in the system; thus, the effect of the surface entrapping gas and 
lowering the required liquid superheat should be far less significant. The 
effect of the surface condition for this case was discussed in Section V. 

The applied equations for surface tension are widely used; hence, 
assumption (5) appears valid. 

The expressions used for thermophysical propert ies in these calcu
lations closely match the property data presented in Refs. 10, 11, 14, and 15 
over the range presented. The use of Equations (18) and (19) for expressing 
the saturation curve is within 1% of the data presented by Dunning(lO) and 
Weatherford et al.(12) for sodium and potassium, respectively. As the 
thermophysical proper t ies become more precisely known, more rigorous 
expressions may be utilized with this modeling technique. 

This analysis does not present a new boiling theory, but does enable 
solving the equilibrium bubble equation [Equation (l)] for the alkali metals 
by utilizing a modeling of the alkal i -metal and degassed-water behavior to 
find P^ = g(t). The resul ts obtained appear in fair agreement with the r e 
sults of other investigators .d 2,13) Hence, this approach may be used as a 
tool for examining and comparing future experimental liquid superheat 
measurements for boiling liquid meta l s . 
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APPENDIX 

Behavior of P r e s s u r e in the Liquid 

To postulate Pg = g(t) for the liquid metals, it is necessary to 
examine how the p re s su re in liquid var ies with temperature for nucleate 
boiling of water. As shown in Figure 1, the liquid pressure during 
nucleate boiling of water may be expressed in the form of Equation (3), 

P = et'^ 
i 

where e and h are constants depending upon the amount of gaseous phase 
present in the liquid. 

It has also been shown that the saturated-vapor curve for water 
may be expressed by Equation (2), 

Pv = atb, 

where a = 5.88 x 10"'° and b = 4.47 for boiling water. 

Inspection of boiling-water data shows that both Equations (2) and 
(3) pass through the cr i t ical point (t^ = 705.4°F, Pc = 3206.2 psia). Now, 
if one point other than the cr i t ical point is known on the P^ = g(t) curve 
for water with a known gas content, the relationship, P^ =. g(t) may be 
found. 

In solving for P. = g(t), the following conditions are used: 

(1) At t = t^, P^ = P^ = Pc-

(2) At t = tf, P̂  = Pf̂  and P^ = Pf^. 

The constants a, b, e, and h a re found to be 

P . (21) 

[ l o g g ( P f v / P c ) ] ' 
c 

l o g g ( P f y P c ) , (22) 

P ^ 

t [ l°g0(Pfi /Pc)] • 
(23) 
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and 

h = 1 0 g g ( P ^ / P c ) , 

w h e r e 6 is the b a s e of the l o g a r i t h m , and 9 

T h u s , 

(24) 

= t , / t c . 

,t li°ge(Pfv/Pc)] 
lo 

^ S ( P f v / P c ) . (25) 

and 

P/, = 
t [l°ge(Pf/Pc)] 

' ' ° ' ^ ( P f i / P c ) - (26) 

Combin ing E q u a t i o n s (25) and (26) r e s u l t s in the following e x p r e s s i o n : 

^ = Pv(tAc)i°ge(Pfv/Pf^)-

Equa t ion (27) m a y be e x p r e s s e d a s 

Pi = P v ( t A c ) ^ . 

w h e r e 

(27) 

(28) 

l°g«(Pf fi /Pfv) (29) 

It i s s e e n that ^ i s dependen t upon the c r i t i c a l t e m p e r a t u r e , any point on 
the s a t u r a t e d - v a p o r c u r v e , and a c o r r e s p o n d i n g point on the c u r v e for 
t e m p e r a t u r e v e r s u s l iquid p r e s s u r e . The point on the c u r v e for t e m p e r a 
t u r e v e r s u s l iquid p r e s s u r e is h ighly dependen t upon the g a s e o u s p h a s e 
con ta ined wi thin the s u p e r h e a t e d l iquid a s shown in F i g u r e 1. 
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